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This study proposes a method to control the frequency-dependent scattering spectra from plas-
monic spheres via the conservation of incident orbital angular momentum (OAM) in classical light
scattering. By providing controllable distributions of OAM content, fractional vortex beams allow
selective tailoring of Fano features present in coherent scattering processes. The applicability of
this control methodology is briefly discussed in the context of plasmonic crystals that recent studies
have shown possess modes described by a well-defined OAM content.
PACS numbers: 42.25.Fx, 42.25.Hz, 78.68.+m, 41.20.-q, 73.20.Mf
Plasmonics has revolutionized optical physics by allow-
ing researchers to couple electromagnetic radiation into
material structures much shorter than a wavelength of
light.1 By localizing electromagnetic excitations to in-
terfaces between metals and dielectrics, surface plasmon
polaritons provide probes of sub-micron environments as
well as a pathway to sub-wavelength optical technologies.
The asymmetric lineshape of some frequency-
dependent spectra represents one of the more fascinating
properties of plasmonic materials. Genet et al. and
Sarrazin et al. simultaneously first proposed that these
asymmetric features arise due to Fano processes in
which participating electromagnetic modes interfere
with one another in the scattered fields, analogous to
the interference that gives rise to asymmetric lineshapes
in autoionization processes discovered by Fano.2–4 Sub-
sequent studies have found that these Fano structures
appear in the spectra of many varieties of plasmonic
materials including meta-materials based on plasmonic
excitations.5 Plasmonic materials that display Fano
spectral lineshapes have found use in applications rang-
ing from nonlinear optical switching to high-resolution
molecular spectroscopy to wavelength discrimination in
nano-structures.6–8
Despite the importance of interference in tailoring ex-
tinction, absorption and scattering spectra of plasmonic
structures, active tuning of these spectral properties has
remained elusive. To date, researchers have relied on
changes in fabrication techniques and modulations of the
dielectric environment surrounding metallic nano and
micro-structures to change plasmonic spectra.8–11 De-
spite the fidelity of these techniques, they are difficult
to implement in real-time. For plasmonics to reach its
full potential in many photonics applications which use
easy, reliable and fast frequency dependent modulation of
electromagnetic fields, this theoretical and technological
gap must be filled.
At the same time plasmonics began to change the
landscape of optical materials, vortex beams emerged
and provided researchers a new parameter for optical
physics in the form of the orbital angular momentum
(OAM) of light.12 Stemming from the azimuthal vari-
ation of the transverse profile of these light beams,
researchers propose that OAM amends fundamental
physics both in classical and quantum mechanical light-
matter interactions.13–15 However, to date the impor-
tance of OAM to plasmonics and other surface-localized
electromagnetic excitations has yet to be fully elucidated.
This study explores the interaction of specific types
of vortex beams with plasmonic structures whose modes
possess well-defined angular momenta: metallic spheri-
cal particles. Using fractional vortex beams that pos-
sess a non-integer OAM content, this study shows that
the asymmetric structures of coherent plasmonic scatter-
ing spectra change in response to changes in the distri-
bution of different OAM states comprising the incident
field. Based on these changes this letter proposes a model
to coherently control the frequency-dependent plasmonic
response in real-time with fractional vortex beams and
the OAM of light. This proposal provides a method to
actively control the position and magnitude of specific
features in plasmonic spectra, thus advancing plasmonics
in optical technologies ranging from material sensing and
characterization to frequency discrimination and multi-
plexing.
Recent research highlights the role of the conservation
of angular momentum in modulating the classical elec-
tromagnetic scattering response of spherical structures.15
Using boundary conditions set by spherical symmetry,
this earlier study found that the properties of the fields
scattered from these structures depend sensitively on the
angular momentum content of the incident field. Specif-
ically, when the incident field carries both angular mo-
mentum associated with its transverse profile, OAM, and
its polarization, multipole moments higher in order than
the dipole moment become preferentially excited. Since
plasmonic modes of spherical structures possess well-
defined angular momenta, the conservation of angular
momentum in scattering processes from these plasmonic
states may also dictate phenomena that has been over-
looked so far.
To control the distribution of fields that determine
a material’s plasmonic response, one must control the
angular momentum states that contribute to the inci-
dent field. Fractional vortex beams possess a non-integer
OAM content allowing precise control of a distribution of
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2FIG. 1. (color online) Two dimensional contour plots of the log of the coherent Radar Backscattering (QRBS) efficiency spectra
of a metallic spherical particle with the optical properties of gold as a function of frequency (ω/ωp) and the size parameter of
the particle (kda) for the cases of model fractional vortex beams L2 (left), L2∗ (middle) and L0 (right).
optical angular momentum states in a given light beam
and have been fabricated in lab.16 To understand the role
of the OAM of fractional vortex beams in this study, they
are approximated as a linear superposition of purely az-
imuthal Laguerre-Gauss (LG) beams, each possessing a
different azimuthal index, `, which denotes the amount
of OAM content each state contributes to the incident
field, as would be produced via etalon effects in vortex
phase plates as shown previously.17 That is, the trans-
verse profile of an electric field of an incident fractional
vortex beam with a center frequency ω focused to a waist
w0 and propagating in the z-direction is treated as,
~Einc =
`max∑
`=`min
~E0g (`)
(
r
√
2
w0
)`
exp
(−r2
w20
)
eı`φeıkdz,
(1)
where the factor g (`) determines the weight with which
a given OAM state contributes to the incident field, `min
and `max represent the smallest and largest values of the
azimuthal index that contribute to the distribution of
OAM states of the field, respectively, and the vector am-
plitude, ~E0, describes a right circularly polarized state.
To understand the role of the conservation of angular
momentum in modulating asymmetric features of plas-
monic spectra, the field in Eq. (1) is incident on a metal-
lic spherical particle of radius a whose index of refraction
relative to a surrounding dielectric medium is N . Based
on the results of Ref. [15], in the limit of a small size pa-
rameter, the electric scattering coefficient due to a vortex
beam carrying ` units of OAM is,
β`,m =
Em`
(kdw0)
`
ρ(2m+`+1)
(2m+ 1)!!(2m− 1)!!
×N
2`+ (m+ 1)(N2 − 1)
1 +m(N2 + 1)
(2)
where m is the projection of the incident field’s total
angular momentum onto its direction of propagation,
ρ = kda is the size parameter of the particle and Em`
is related to the vector amplitude of the incident electric
field and normalization of the multipole orders. Eq. (2)
clearly shows a term that combines the azimuthal index
of the incident field, `, with the frequency dependent in-
dex of refraction of the particle, N that does not appear
in the case of an incident plane wave. In the case that the
magnetic response of the particle can be ignored, these
coefficients describe the scattered electric field through a
standard definition.18
The frequency dependent information that determines
the scattered field is contained within the electric scatter-
ing coefficient in Eq. (2) via the relative index of refrac-
tion, N , as defined above. Using the Drude model un-
der the assumption that the incident frequency is signif-
icantly larger than the material’s interband transitions,
the frequency-dependent index of refraction of the metal-
lic particle relative to its dielectric surroundings becomes,
N2(ω) = 1− ω
2
p
ω2
+ ı
ω2pγ
ω3
(3)
where ωp is the plasma frequency of the metal and the
γ defines the decay rate of its electronic excitations. In-
serting Eq. (3) into Eq. (2), we find that the frequency
dependent electric scattering coefficient is,
3β`,m(ω) = Am`
` ωωp
(
ω2
ω2p
+ γ
2
ω2p
)
− (`+m+ 1) ωωp + ı (`+m+ 1)
γ
ωp
ω
ωp
(2m+ 1)
(
ω2
ω2p
+ γ
2
ω2p
)
−m ωωp + ım
γ
ωp
 , (4)
where
Am` =
Em`
(kdw0)
`
q(2m+`+1)
(2m+ 1)!!(2m− 1)!! . (5)
Therefore, to simulate the scattering spectra excited by
the incident model fractional vortex beam in Eq. (1),
one needs to use the appropriate coefficients and insert
them into equations describing coherent classical electro-
magnetic scattering.
We treat Radar Backscattering (RBS) and Forward
Scattering (FS) scattering processes since they necessi-
tate a square of sum of scattering coefficients for sim-
ulation and thus contain coherent interference between
different multipole orders. Explicitly, the efficiencies for
these processes are5,
QRBS =
1
ρ2
∣∣∣∣∣∑
m
(2m+ 1)(−1)mβ(`,m)
∣∣∣∣∣
2
, (6a)
QFS =
1
ρ2
∣∣∣∣∣∑
m
(2m+ 1)β(`,m)
∣∣∣∣∣
2
. (6b)
To simulate these scattering processes in the case of an
incident fractional vortex beam as in Eq. (1), we use a
standard Drude model explained above, set γ/ωp = 10
−3
to correctly simulate plasmonic behavior of noble metals
and use three different fractional vortex beams that pos-
sess three different distributions of angular momentum
content in the ` = 0, ` = 1 and ` = 2 OAM states.19,20
We also assume a diffraction-limited spot size, w0, such
that kdw0 = pi.
We denote the three representative fractional vortex
beams by their dominant OAM contribution with the
notation Ln. The first possesses the weighting factors
g(0) =
√
0.01, g(1) =
√
0.04 and g(2) =
√
0.95 and is
denoted L2. The second beam possesses the weighting
factors g(0) =
√
0.05, g(1) =
√
0.1 and g(2) =
√
0.85 and
is denoted L2∗ since the ` = 2 state still dominates the
distribution, but to a slightly lesser extent. The weight-
ing factors g(0) =
√
0.5, g(1) =
√
0.25 and g(2) =
√
0.25
describe a vortex beam dominated by the ` = 0 state,
denoted L0. These parameters are meant as model vor-
tex beams that allow one to see how weighting differ-
ent OAM states in the incident field affect the observed
spectra and are not exhaustive. One could choose other
weighting parameters to excite different scattering spec-
tra. The flexibility of these parameters in the incident
field is the key to control of plasmonic excitation with
fractional vortex beams.
We then assume that the lowest order contribution to
the scattered field from each associated incident OAM
state dominates the behavior of the scattered electric field
and use the associated electric scattering coefficients as
defined by Eqs. (2) and (3) [β(0, 1), β(1, 2) and β(2, 3)]
in Eqs. (6a) and (6b). Figures (1) and (2) show two-
dimensional (2D) contour spectra of each of the scatter-
ing efficiencies QRBS , and QFS in log10 units for each of
the fractional vortex beams as functions of both the in-
cident frequency scaled to the plasma frequency (ω/ωp)
and the size parameter of the particle (kda). Figures (3a)
and (3b) show a slice of each of the contour spectra for
a size parameter ρ ≈ 2.15 as a function of frequency to
compare the asymmetries of these spectra. These slices
allow highlighting of the associated changes when the
OAM of the incident field is changed. The structure of
each set of spectra show significant dependence on the
distribution of OAM states present in the incident field.
Each of the 2D spectra display distinct dips due to
the interference between different multipole orders of the
scattered field in the form of blue streaks and contours
across each spectrum. The positions of these dips depend
sensitively on the contribution of each mulitpole order to
the scattered field. The 2D contour plots in Figure (2)
and (3) show that the contribution of each mulitpole can
be affected in two ways. On one hand, changes in the
size parameter of the particle cause changes in the con-
tribution of different multipole orders in the scattered
fields since the particle’s size determines the multipole
expansion of its associated electronic charge density. In
the cases studied here, the smallest particle sizes cause
no interference in the observed spectra due to the domi-
nance of the particle’s dipole moment, Conversely, com-
plex structures appear in the scattering spectra for both
RBS and FS for larger size parameters due to the in-
creased influence of higher order multipole orders of the
particle’s electrons.
One the other hand, as one changes the distribution
of OAM states that comprise the incident field, angu-
lar momentum conservation dictates which multipole or-
ders are allowed to contribute to the scattered fields, thus
changing the interference present in the scattered field.
For instance, as the OAM content decreases from the L2
beam to L0, the blue ellipse between the electric dipole
and quadrapole scattering orders in the 2D FS spectra
moves from smaller to large size parameters and shifts
to lower frequency. This change is seen in the 1D fre-
quency dependent spectrum of FS in Figure (3b) as two
dips moving more closely together until they are indis-
tinguishable as the amount of OAM in the incident field
4FIG. 2. (color online) Two dimensional contour plots of the log of the coherent Forward Scattering (QFS) efficiency spectra of
a metallic spherical particle with the optical properties of gold as a function of frequency (ω/ωp) and the size parameter of the
particle (kda) for the cases of model fractional vortex beams L2 (left), L2∗ (middle) and L0 (right).
is decreased.
Figure (3a) points out another, more conspicuous ex-
ample of how the OAM density can cause noticeable and
useful changes in coherent plasmonic scattering spectra.
For this case, the region around the peak associated with
the electric octapole plasmonic resonance is transformed
into a dip in the spectrum as the incident beam changes
from L2 to L2∗. According to the simulations in this
study, changing distribution of OAM states contributing
to these two incident field changes the magnitude of the
scattering efficiency by more than a factor of 100 around
this spectral feature. In order to change the magnitude of
the scattering efficiency by that amount using the size pa-
rameter or any other attribute of the material itself, one
would need to fabricate a new sample of particles with
different physical properties. Given the relative ease of
changing OAM states using modern optical devices such
as spatial light modulators and vortex phase plates, us-
ing an incident field to cause the same changes is highly
advantageous for the further advancement of plasmonics
in optical technologies.
While spherical structures display plasmonic modes
possessing well-defined angular momentum content, they
are not the only material structures whose plasmonic
properties are affected by angular momentum. Several
groups have constructed plasmonic crystals whose col-
lective modes lead to asymmetric Fano and Fano-like
features in absorption and scattering spectra as well
as chiral plasmonic materials that are capable of dis-
tinguishing angular momentum states of exciting light
fields.21–23 Perhaps most interestingly in light of the cur-
rent study, Gorodetski et al. have shown that plasmonic
crystals support the necessary angular momentum con-
tent to produce propagating beams that contain OAM
via the interference between the multipolar moments of
bulls-eye metallic structures.24 However, all studies thus
far have relied on precise fabrication techniques that ne-
cessitate substantial time scales to modulate the angu-
lar momentum-related plasmonic response of a material
structure. Since the changes in the OAM states that
FIG. 3. (color online) Frequency dependent slices of the 2D
contour spectra for Radar Backscattering (a) and Forward
Scattering (b) in the case of an incident L2 beam (dash-
dotted), L2∗ beam (dashed) and L0 beam (solid).
5contribute to an incident field do not rely on changes to
the material structures as done in previous reports, the
OAM-tailored plasmonic spectra modeled in this study
may provide more reliable and reproducible control in
plasmonics.
Based on these considerations, I propose the use
of fractional vortex beams and their tunable angular
momentum content to control the coherent frequency-
dependent response of a plasmonic crystal whose modes
possess a well-defined angular momentum content in real
time, such as that investigated by Gorodetski et al.. By
changing the distribution of OAM states that define an
incident field, changes in interference mechanisms be-
tween participating multipolar fields may be able to tai-
lor the frequencies at which strong or weak absorption is
present and dramatically change the amount of light ca-
pable of passing through these structures. Such tailoring
would provide avenues to new technologies in molecular
detection and characterization, optical switching as well
as frequency discrimination and multiplexing based on
coherent plasomic responses.
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